Moyamoya disease (MMD) is a cerebrovascular disease presenting unique angiographic and clinical features. The nature of this disease is progressive cerebral ischemia due to steno-occlusive lesions around the circle of Willis, which is compensated for by the formation of collateral parenchymal vessels (called 'moyamoya') penetrating toward the base of the brain.^[@bib1]^ Clinical manifestations can vary with the degree of ischemia, ranging from headache to more severe symptoms such as epilepsy, transient ischemic attack, and cerebral infarction. Additionally, a rupture of the fragile moyamoya vessels can also cause intracranial hemorrhage.^[@bib2]^ Epidemiological and genetic studies have demonstrated that MMD is a multifactorial disease. The recurrence rates in relatives were markedly lower than that expected from simple Mendelian inheritance.^[@bib3]^ Likewise, the Japanese p.Arg4810Lys founder variant (c.14429G\>A, rs112735431) in *RNF213* showed markedly reduced penetrance despite its extremely high effect size (217.0, additive model).^[@bib4]^ We previously demonstrated allelic heterogeneity of *RNF213* in the susceptibility to MMD, and the other susceptibility variants found in pedigrees with MMD also showed reduced penetrance. It is thought that the susceptibility variants of *RNF213* require additional environmental or genetic factors for the development of MMD.^[@bib4],[@bib5]^

In the present study, we analyzed three Japanese pediatric patients showing typical radiological and clinical features of MMD, although they were confirmed to be negative for the p.Arg4810Lys founder variant of *RNF213*.

The first patient was a 12-year-old boy. He presented with transient motor weakness of the right upper extremity while eating hot noodles at 11 years of age. Conventional angiography revealed bilateral steno-occlusive changes at the terminal portions of the internal carotid arteries (ICAs) with moyamoya vascular networks. Bilateral superficial temporal artery to middle cerebral artery anastomoses were performed and resulted in a good postoperative outcome ([Figure 1a--c](#fig1){ref-type="fig"}).

The second patient was a 5-year-old boy. He suffered bilateral cerebral infarctions at the age of one ([Figure 1d](#fig1){ref-type="fig"}). Magnetic resonance angiography (MRA) demonstrated that bilateral steno-occlusive changes at the ICA terminals were more prominent on the right side with an early moyamoya vessel formation ([Figure 1e](#fig1){ref-type="fig"}). Four years after a right-side encephalo-duro-arterio-synangiosis (EDAS), the stage of the ipsilateral lesion progressed with distinct moyamoya vessel formation, although the contralateral lesion at the ICA terminal improved ([Figure 1f](#fig1){ref-type="fig"}). Multiple stenoses further developed not only in the proximal intracranial arteries ([Figure 1f](#fig1){ref-type="fig"}), but also in the descending aorta involving the left renal artery ([Figure 1g](#fig1){ref-type="fig"}). Such extracranial vascular involvement has often been reported in MMD patients.^[@bib6],[@bib7]^

The third case was a monozygotic twin brother. He was asymptomatic; however, he was diagnosed with MMD after his twin brother died of intraventricular hemorrhage due to MMD at 11 years of age. MRA demonstrated that the right ICA terminal was steno-occlusive with a moyamoya vascular network ([Figure 1h](#fig1){ref-type="fig"}). A right side EDAS was performed to prevent stroke. However, he developed an intracerebral hemorrhage at the right frontal lobe years after the surgery ([Figure 1i](#fig1){ref-type="fig"}).

These three patients had no familial history of MMD, except for the deceased monozygotic twin brother of the third patient, and none had an underlying disease reported to complicate MMD. Radiological findings met the diagnostic criteria established by the Research Committee on Moyamoya Disease of the Ministry of Health, Labour, and Welfare, Japan,^[@bib8]^ which were revised to include patients with both bilateral and unilateral lesions in 2015.^[@bib2]^ They were not included in our previous genetic study of MMD in which resequencing analysis of *RNF213* was performed.^[@bib4]^ The genetic analysis of MMD patients was approved by the ethics committees of Tokyo Women's Medical University and Tokyo Medical and Dental University. After obtaining written informed consent, genomic DNA was extracted from their peripheral blood samples. Polymerase chain reaction-based direct Sanger sequencing was performed on all coding exons of *RNF213* (NM_001256071.1), as previously described,^[@bib4]^ and the p.Arg4810Lys variant was confirmed to be negative in the three patients. From this analysis, one of three rare heterozygous, nonsynonymous variants of *RNF213* was detected in each of the three patients: p.(Glu996Lys) (c.2986G\>A), p.(His4058Pro) (c.12173A\>C) and p.(Arg4062Gln) (c.12185G\>A) ([Figure 2a, b](#fig2){ref-type="fig"}). They were not listed in the Exome Aggregation Consortium (<http://exac.broadinstitute.org/>) version 0.3.1 data set,^[@bib9]^ the NCBI dbSNP147 (<http://www.ncbi.nlm.nih.gov/snp>) or the Human Genetic Variation Database (<http://www.hgvd.genome.med.kyoto-u.ac.jp/>).^[@bib10]^ Their HumDiv and HumVar statuses of PolyPhen-2 ^[@bib11]^ were consistently deleterious according to wANNOVAR (<http://wannovar.wglab.org/>),^[@bib12]^ reflecting the substitutions at the evolutionarily conserved amino-acid residues ([Figure 2c](#fig2){ref-type="fig"}).^[@bib13]^ Two of the three variants, p.(His4058Pro) and p.(Arg4062Gln), were regarded as highly deleterious because their C-scores (23.2 and 19.05, respectively) from Combined Annotation Dependent Depletion (<http://cadd.gs.washington.edu/>)^[@bib14]^ version 1.0 were more than 14.67, which was the robust cutoff for MMD susceptibility variants other than p.R4810K, which was defined in our previous study.^[@bib4]^ The p.(Glu996Lys) variant in the first patient had a higher C-score (8.1) than the p.Arg4810Lys founder variant (6.746). Furthermore, this variant was consistently judged as deleterious even in other commonly used functional predictions such as SIFT^[@bib15]^ and LRT,^[@bib16]^ both of which categorized p.(His4058Pro) as tolerated. To the best of our knowledge, the p.(Glu996Lys) and p.(His4058Pro) variants have not been reported earlier in literature. The p.(Arg4062Gln) variant has been reported in another Japanese MMD pedigree with two childhood-onset patients sharing this same variant.^[@bib4]^ This p.(Arg4062Gln) variant has also been reported in a European MMD patient.^[@bib13]^

*RNF213* encodes a 591-kDa protein that acts both as an AAA-type ATPase and an E3 ubiquitin ligase via two AAA+ modules and a RING finger domain, respectively.^[@bib17]^ Several studies demonstrated that *RNF213* was also associated with systolic blood pressure,^[@bib18]^ intracranial aneurysms^[@bib19]^ and coronary artery disease,^[@bib20]^ suggesting that this molecule may play an important role in vascular construction. In fact, recent studies revealed its cooperative functions in angiogenic signaling pathways, such as Akt and Wnt signaling pathways, in vascular endothelial cells.^[@bib17],[@bib21],[@bib22]^ However, the detailed biochemical functions of this molecule still remain largely unknown. The two highly deleterious variants of the three we studied, the p.(His4058Pro) and p.(Arg4062Gln) variants, were located within the RING/FYVE/PHD-type zinc finger domain according to the InterPro (<http://www.ebi.ac.uk/interpro/>) database ([Figure 2a](#fig2){ref-type="fig"}). Therefore, these two variants may affect the nucleotide-binding, protein-binding or E3 ubiquitin ligase activities of this domain, and are high-priority candidates for future functional analysis to elucidate the pathological role of the susceptibility variants of *RNF213*. Furthermore, it is important to accumulate improved knowledge about the variously reported *RNF213* variants in MMD patients because there is little information on genotype--phenotype correlation.
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![Radiological studies of the patients. Conventional angiography of the first patient shows bilateral steno-occlusive changes of the ICAs with moyamoya vascular networks (**a**), which are also indicated by low-signal-intensity flow voids in the bilateral basal ganglia in T1-weighted magnetic resonance imaging (MRI) (**b**). Post-operative magnetic resonance angiography (MRA) shows bilateral bypasses between the superficial temporal arteries and the middle cerebral arteries (**c**). T2-weighted MRI of the second patient shows bilateral cerebral infarctions (**d**). MRA shows bilateral stenosis of the ICA terminals, which is more severe on the right side (**e**). MRA 4 years after surgery shows stenoses in the right vertebral artery and the proximal portion of the left ICA, in addition to the disease progression on the right side (**f**). Three-dimensional-computed tomography angiography (3D-CTA) shows diffuse stenosis along the descending aorta involving the left renal artery (**g**). MRA shows a steno-occlusive change at the right ICA terminal with moyamoya vascular networks (**h**). T2\*-weighted MRI of the third patient shows a low-signal-intensity hemorrhagic scar in the right frontal lobe (**i**).](hgv201760-f1){#fig1}

![(**a**) Protein structure of RNF213, based on Q63HN8 (RN213_HUMAN) in the InterPro (<http://www.ebi.ac.uk/interpro/>) database. (**b**) DNA sequence chromatograms of the three heterozygous missense variants detected in the present study. (**c**) Multiple alignment of the amino-acid sequences of RNF213 from different species, using ClustalW version 2.1 (ftp://ftp.ebi.ac.uk/pub/software/clustalw2/2.1/). RefSeq (<https://www.ncbi.nlm.nih.gov/refseq/>) or Ensembl (<http://www.ensembl.org/index.html>) protein identification was shown for each RNF213 homolog. AAA, ATPases associated with diverse cellular activities; RING, really interesting new gene; FYVE, the acronym for the four cysteine-rich proteins: Fab1, YOTB, Vac1, and EEA1; PHD, plant homeodomain.](hgv201760-f2){#fig2}
